Braking conditions could generate energy that can be reused again for energy conservation. The purpose of regenerative braking in electric vehicles is to use the excess energy from the braking system and convert it to electricity and then store it for further utilization. But when the back current is too high it can cause overvoltage which can result in broken electrical components. Therefore, a voltage limiter is required to limit the q-axis stator current which keeps DC link voltage at a certain value. However, this voltage limiter causes a decrease in the braking torque and actual speed that does not follow the reference speed. To overcome this problem, the mechanical brake should be combined with a regenerative brake in electric vehicles, so the vehicle speed can always follow the reference speed. A new control scheme for combining a regenerative braking system with mechanical braking system to overcome the overvoltage problem in electric vehicle is proposed in this paper. Using a combination between regenerative and mechanical braking, the actual speed could follow the reference speed even when voltage limiter is active. The effectiveness of the control scheme is validated through simulation. Actual speed could follow the speed reference with delays in about 1.5s2.5s and by varying gain in IP controller, the delay could be reduced to become about 1 second, so the braking will be more accurate.
INTRODUCTION
Most electric vehicles have a regenerative braking system. During braking, the motor acts as generator and converts the energy originating from the movement of the vehicle back into electricity and then it is saved in a battery or another storage system for further reuse. Some problems occur while attempting to address the energy saving issues in the electrical drive system. In one case, the motor is operated at high-speed. A high-speed motor operation capability can provide high kinetic energy to be recovered by the regenerative control system. This high-speed operation is limited by the output voltage of the inverter.
Electric vehicles usually use a regenerative braking control system for energy conservation and for lower maintenance purposes (Anne, 2010) . Under braking conditions, overpowered kinetic energy will occur and be stored as electric energy, so that it can be used for another purposes (Hasegawa, 1999) . But there is a back current that causes the DC link voltage of the inverter to rise. The regenerative braking will be interrupted by an over voltage protection mechanism when the filter capacitor voltage vf exceeds its permitted value. Over voltage protection does not create optimal operating conditions for the braking system. In order to obtain the desired braking power, regenerative braking needs to be combined with mechanical braking. Mechanical braking only works when the regenerative braking does not yield the desired braking power or when the over voltage protection is active. A combination between regenerative and mechanical braking will be the best solution to obtain optimum braking torque.
METHODOLOGY
In this paper a control scheme for combining a regenerative braking system with a mechanical braking system to overcome the overvoltage problem in electric vehicles is proposed. The proposed control scheme is validated by simulating the whole system in detail. The induction motor, DC link circuit model, rotor flux oriented control, voltage controller, and the proposed braking method are described in the following section.
Induction Motor and DC Link Circuit Modeling
The induction motor that used is a three phase-squirrel cage induction motor. The motor model should be transformed from a three-phase into a two-phase motor model using the transformation proposed by Clarke and Park. The induction motor control uses a rotor flux oriented control (RFOC) scheme (Yusivar, 2000) . The induction motor model is expressed in the following equations (Vas, 1992) .
The DC Link circuit is modeled as shown in Figure 2 (Yusivar, 2000) . The DC Link model consists of two conditions: motoring condition and braking condition. In the motoring condition, the diode is on and the DC Link model is expressed in Equations (6) and (7). In the braking condition, the diode is off and the DC Link model is expressed as Equations (8) and (9). (6) (7) (8) (9)
Rotor Flux Oriented Control (RFOC) and Voltage Controller
The motor drive braking system is modeled as shown in Figure 3 . The braking system consists of regenerative braking and mechanical braking. Mechanical braking directly gives braking torque to the induction motor, while regenerative braking is provided by controlling the q-axis current stator.
The system control is divided into three components, which are speed control, RFOC, and the proposed braking method. There is also a speed profile to keep the speed input as desired. This will limit the input speed acceleration and deceleration before it is fed into the speed controller.
The speed controller is an Integral Proportional (IP) controller that is expressed in Equation (10). The IP controller is used since it provides a better performance than the PI controller (Yusivar, 2000) . Voltage controller uses a proportional integral (PI) controller to maintain the voltage in order to avoid overvoltage in the inverter. The voltage controller limits the q-axis current stator, which also limits the output of the IP controller. The output of the speed controller, after being limited by voltage controller, is regulated. When it reaches the limitation level defined by the integration initial value of next iteration, then it is reset to the integration initial value of previous iteration to prevent a windup phenomenon (Yusivar, 2001) . The induction motor is controlled by using the Rotor Flux Oriented Control (RFOC).
Decoupling is used to minimize interaction and the nonlinear part of motor which is showed in the equations below.
The decoupling voltages and voltage references are expressed in the following equations.
The current controller is a Proportional Integral (PI) controller, in which d-axis and q-axis current controller in domain s is expressed in Equations (15) and (16) During braking conditions the DC Link diode is off. Since the value of resistor (Rb) is very large, then the current charges the capacitor (Cf). If the current is increased over the limit of capacitor, it will cause overvoltage and this could damage the inverter component. For this reason, there is a need to design a controller using a PI (Proportional Integral) controller to limit the stator current on the q axis. The condition of the DC Link voltage controller is expressed in Equation (17). * * 
Proposed Braking Method
Regenerative braking will be combined with mechanical braking to provide sufficient braking torque. This braking method works when the voltage limiter is active or when the regenerative braking could not provide braking torque properly. The q-axis current stator is limited by the voltage controller during braking conditions; therefore, the torque which is needed for braking is insufficient. Mechanical braking is used to compensate for the braking torque while the voltage limiter is active. Figure 4 shows a block diagram of the proposed control scheme for the combined regenerative and mechanical braking systems; (the whole electric vehicle braking control system is shown in Figure 3 ). The value of mechanical braking comes from the difference between the current stator q-axis before being limited (isq_ref) and after being limited by the voltage controller (Te_ref). The proportional (P) gain factor is used to adjust the mechanical braking torque.
However, a time delay occurs on the system which could mean that the braking time is delayed and this could result in a hazardous condition. Using an algorithm to vary the gain of the IP controller could affect the speed of the vehicle. The gain will be added to the gain in the integration part and then multiplied by the speed error. As the gain increases, the acceleration of the monorail will be increased. So, based on the speed profile, when starting from a fixed speed the gain is higher; but when making a transition to another fixed speed the gain becomes lower.
RESULTS AND DISCUSSION
In order to validate the effectiveness of the proposed braking control scheme, a simulation is carried out. The simulation is run under SIMULINK in MATLAB with C language programming which is integrated in MATLAB S-function, known as C-Mex S-function.
The speed acceleration is limited to 1.2 m/s 2 and the deceleration is limited to -0.6 m/s 2 . The DC link capacitor voltage is limited in 400 volts. The model parameters of the induction motor and the DC link circuit are listed in Table 1 .
Regenerative Braking
Firstly, the braking system using regenerative braking without mechanical braking is simulated, while the DC link voltage is limited to 400 volts. The results are shown in Figure 5 . The DC link voltage is limited to 400 volts to prevent damage to the inverter components. However, the braking torque will not be sufficient as the vehicle speed could not follow its reference speed. Therefore, an additional braking torque from mechanical brake is needed.
Combination Regenerative and Mechanical Braking
A combination regenerative and mechanical braking is the applied to the system and is simulated. The results are shown in Figure 6 . In Figure 6 (a), the actual speed could follow the reference speed, even when the voltage limiter is active. Figure 6 (b) shows that during braking (when the electric torque Te is negative), the mechanical torque will be active if the DC link voltage reaches its limit of 400 volts and this will compensate for the insufficient electrical torque so the braking torque is optimal. Mechanical braking is activated only when the dc link voltage is limited. As seen in Figures 6(b) and 6(d), at a rate of 36 seconds, the mechanical braking is active and the dc link voltage is limited to 400 volts, but when the voltages drop to below the limit (in t=40 seconds), mechanical braking does not work until the dc link reaches the voltage limit again in t=44 seconds.
The combination between regenerative and mechanical braking has shown good results that the actual speed could follow the reference speed. However, there is a delay in actual speed of about 1.5s-2.5s as shown in Figure 6 (a). To overcome this problem, a gain scheduling scheme is applied to the IP speed controller.
Combination Regenerative and Mechanical Braking with Gain Scheduling
The gain scheduling scheme is applied in the IP speed controller to reduce the delay in actual speed. The results are shown in Figure 7 . As shown in Figure 7 (a), the delay that happens in Figure 6 (a) is reduced until it reaches about 1second when the actual speed is almost same as the reference speed. Mechanical braking in Figure 7 (b) is only active when the electric torque is negative and the DC link voltage is limited, so the braking system priority is regenerative braking. The DC link voltage is limited in 400 volts, as shown in Figure 7 (d), to prevent the damage in the inverter components.
CONCLUSION
Braking methods using regenerative braking could yield overvoltage which will damage the inverter component. A voltage limiter is used to prevent overvoltage in the dc link circuit, but the actual speed does not follow the reference speed when braking. The proposed method shows that the combination between regenerative and mechanical braking could be used to compensate insufficient braking torque because of the voltage limiter. Actual speed could follow the speed reference, but there is a delay about 1.5s2.5s in the motor speed. Therefore, by varying gain in the IP controller, the delay could be reduced about 1 second so the braking would be more accurate. Finally, the combination between regenerative and mechanical braking with gain scheduling in the IP speed controller could be used to solve the lack of braking torque when using regenerative braking with a voltage limiter.
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